article published online: 12 august 2012 | doi: 10.1038/nchembio.1044 P lants have remarkable stress resistance, owing to the high flexibility in their architecture and growth pattern in response to external conditions. This flexibility is based on the continuous presence of stem cells in the meristems. The formation of new meristems persists during the entire lifespan and can be triggered by external factors, providing that the plant has continuous access to new soil resources for nutrients and water. Initially, the root system consists of a primary root originating from the embryo, but the initiation of new meristems generates lateral roots, resulting in a branched root system. Subsequent higher-order branching events give rise to the mature root architecture.
Important regulators of the process of root branching are auxins, which are a class of hormones essential for plant growth and development 1, 2 . The most well-characterized endogenous auxin in plants is indole-3-acetic acid (IAA, 1). However, synthetic molecules such as 1-naphthalene-acetic acid (NAA, 2) or 2,4-dichlorophenoxy-acetic acid (2,4-D, 3) can elicit biochemical, molecular and physiological responses similar to those of IAA 3 . Endogenous IAA is biosynthesized de novo in plants from tryptophan or from tryptophan precursors. In addition, IAA can be stored as an inactive conjugate with sugar moieties, amino acids or peptides, which can be released through hydrolysis to provide free IAA 1 . The distribution of free auxin throughout the plant occurs via active transport, which is mediated by PIN-FORMED (PIN) efflux carriers, AUXIN-RESISTANT1 and LIKE-AUX1 influx carriers and ATP-BINDING CASSETTE transporter proteins 2 . Eventually, IAA and structurally related small molecules exert their effect by interacting with the TRANSPORT INHIBITOR RESPONSE1/AUXIN-BINDING F-BOX PROTEIN (TIR1/AFB) class of auxin receptors, which form part of SCF-type E3 ubiquitin ligase complexes 4 . Auxin serves as 'molecular glue' to stabilize the interaction of TIR1/AFB proteins with the transcriptional repressor auxin Aux/IAA proteins 5, 6 . As a consequence of this stabilized interaction, Aux/IAA proteins become ubiquitinated and are targeted for proteolysis, resulting in derepression of the AUXIN RESPONSE FACTOR proteins (ARFs) 7, 8 and, ultimately, activation of the auxin signaling cascade.
Auxin concentrations and homeostasis are, in addition to de novo biosynthesis, conjugation and transport, also regulated by the auxin precursor indole-3-butyric acid (IBA, 4). Directional IBA transport in the root is thought to be mediated by carrier proteins such as PLEIOTROPIC DRUG RESISTANCE 8 (PDR8) and PDR9 to promote IBA efflux 9, 10 . Because PDR8 and PDR9 have been shown to localize on the outer polar domain of epidermal and lateral root cap cells 9, 10 , it has been suggested that these transporters move IBA from the root into the rhizosphere 11 . As shown by genetic evidence, IBA activity is dependent on peroxisomal import through PEROXISOMAL ABC TRANSPORTER1 (PXA1) 12 and subsequent β-oxidation to IAA, which resembles the breakdown of fatty acids by two carbon units 13, 14 . Several peroxisomal enzymes, such as the 3-ketoacyl-CoA thiolase PED, have been shown to contribute to both fatty acid and IBA β-oxidation 13, 15 , whereas others such as the 3-hydroxyacyl-CoA dehydrogenase INDOLE-3-BUTYRIC ACID RESPONSE1 (IBR1), the acyl-CoA oxidase IBR3 and the enoyl-CoA hydratases ECH2 and IBR10 are dedicated to IBA-to-IAA conversion 11, 16, 17 . During the process of root branching, auxin has a dominant role in every stage of lateral root development 18 . Lateral roots originate from a subset of xylem pole pericycle cells that undergo asymmetric a role for the root cap in root branching revealed by the non-auxin probe naxillin cell division triggered by an auxin-dependent mechanism in the basal meristem, which leads to the induction of GATA23 expression and founder cell specification 19, 20 . The oscillating nature of the auxin response in the basal meristem has been suggested to create the regular branching pattern observed in the Arabidopsis root system [19] [20] [21] [22] . More distantly from the root tip, and also dependent on auxin signaling, a small number of adjacent pericycle founder cells undergo anticlinal divisions, giving rise to a single-layered primordium containing up to ten small cells 23 . Subsequent anticlinal and periclinal divisions yield a lateral root primordium, which grows through the outer cell layers and finally emerges from the primary root 24 . Auxin transport, the establishment of auxin maxima and auxin signaling all provide crucial regulatory input to these postinitiation events 24, 25 . Because auxin is involved in many developmental processes of plant growth 3 and mediates several distinct processes in the root, such as cell expansion, root patterning and responses to gravity and touch, it is difficult to uncover molecular components specific to lateral root development by applying auxin or its analogs. Here, to study the development of lateral roots more selectively, we used a marker-based chemical biology approach to identify synthetic molecules that enhance auxin-regulated lateral root development. Screening of a diverse collection of chemicals led to the identification of naxillin, which is to our knowledge the first non-auxinlike synthetic molecule that induces lateral root formation. Naxillin induced an auxin response restricted to the basal meristem, the zone where pericycle cells acquire their lateral root founder cell identity. A genetic screen for naxillin resistance established that naxillin acted in the conversion of the auxin precursor IBA, a promoter of lateral root development 12 , into IAA. In accordance with the naxillin-induced auxin response, reporter gene expression analysis suggested that the conversion of IBA into IAA did not occur constitutively in all tissues but rather showed clear preference for specific root tissues. The use of naxillin uncovered the contribution of the root cap in root branching as an important source for IBA-derived IAA and highlighted the role of IBA-derived IAA as a specific lateral root-inducing agent.
ReSulTS identification and characterization of naxillin
To identify new synthetic molecules that stimulate the process of lateral root development, we screened a diverse 10,000-compound library for activators of expression of CYCB1;1, a cell cycle gene that marks cellular divisions (Supplementary Results, Supplementary Table 1 ). In xylem pole pericycle cells, the induction of CYCB1;1 expression coincides with the formation of a new lateral root primordium and thus reports lateral root development [26] [27] [28] . We grew transgenic seedlings containing a construct comprising the CYCB1;1 promoter fused to β-glucuronidase (GUS) (pCYCB1;1<GUS) in a high-throughput adaptation of a previously described 'lateral root inducible system' 27 . Eighty-eight molecules induced expression of CYCB1;1 in the xylem pole pericycle cells after 24 h ( Supplementary  Fig. 1 ), suggesting they were potent activators of the early stages of lateral root development. To avoid selecting auxin-like compounds that would also affect other auxin-related processes, we excluded all molecules with a chemical structure similar to that of known auxins, such as IAA, NAA, 2,4-D or sirtinol 29 , and retained nine hit molecules for further analysis (Fig. 1a and Supplementary Fig. 2 ). When grown for 5 d in the presence of these hit compounds, seedlings showed a strong increase in lateral root densities in a dose-dependent manner compared to the mock-treated control seedlings (Fig. 1a) . Two of these molecules, A11 (5) and A12 (6), which we named naxillin for non-auxin-like lateral root inducer, shared a core structure ( Fig. 1a and Supplementary Fig. 3 ). Structure-activity analysis demonstrated that the 5-[3-(trifluoromethyl)phenyl]furan substructure was required for the lateral root-inducing effect of A11 and naxillin.
A molecule that had only this core structure without additional modifications (var5) showed reduced activity compared to A11 and naxillin ( Supplementary Fig. 3 ), indicating that modifications of the furan group increased the lateral root-inducing capacity of the compounds. Root phenotypic characterization showed that A11 and naxillin, compared to the synthetic auxin NAA, had reduced effects on primary root growth ( Fig. 1b and Supplementary Fig. 4 ) and aerial tissue development (Supplementary Fig. 5 ). These data demonstrated that A11 and naxillin activate lateral roots in a more specific manner than known synthetic or natural auxins.
Naxillin activates a subset of auxin-induced transcripts
To further explore the specificity of naxillin for lateral root development, we compared the early effects of naxillin at the transcriptome level with NAA in roots of 3-d-old seedlings after 2-h and 6-h treatment. Naxillin treatment induced 401 genes, whereas NAA treatment induced 2,581 genes ( Fig. 2a and Supplementary Data Set 1) , suggesting a much narrower mechanism of action. A similar result was obtained for the downregulated genes, with only 149 genes downregulated by at least a factor of two by naxillin treatment, , were not among the naxillin-responsive genes, indicating that only a subset of auxin-regulated genes are required to selectively initiate lateral root development. In contrast, members of the GH3 family and peroxidases were strongly induced both by NAA and naxillin treatment (Supplementary Data Set 1). In addition, the GATA-type transcription factor GATA23, which functions in specifying lateral root founder cell identity 20 , and members of the LATERAL ORGAN BOUNDARIES (LBD) family of transcription factors (LBD33 and LBD29), which have roles during lateral root initiation as targets of ARF7 and ARF19 (ref. 30) , presented naxillin induction profiles (Supplementary Data Set 1 and Supplementary  Fig. 6 ). These examples underlined that naxillin mainly acts on the early events of lateral root development. Although no endogenous naxillin-like molecule has been reported in plants, the transcriptome analysis showed that the compound triggered a subset of the auxin-response pathways that naturally occur in plants.
Naxillin induces auxin response in the basal meristem
To reveal whether naxillin treatment affected the root transcriptome in a spatially global or more local manner, we used a bioinformatics approach to compare our transcriptome data set with the Arabidopsis high-resolution spatial map of the root transcriptome (Supplementary Methods) 31 . Although NAA-responsive genes were expressed homogenously in all longitudinal zones of the root, n axillin-responsive genes were over-represented by a factor of three in longitudinal regions L6 to L8, which encompass the basal meristem (Fig. 2b) . Furthermore, naxillin induced the synthetic auxin-responsive marker pDR5<GUS locally in the basal meristem, specifically in xylem pole cells adjacent to the pericycle ( Fig. 2c-f) , whereas NAA treatment resulted in DR5 expression throughout the stele and the outer tissues of the meristematic, elongation and maturation zones (Fig. 2g,h ), suggesting that naxillin affected auxin response locally in the basal meristem. Nevertheless, NAA and naxillin showed similar induction kinetics with respect to the onset of pericycle cell divisions and rate of primordia formation ( Supplementary  Fig. 7 ). These results suggested that the more restricted naxillininduced DR5 expression pattern is sufficient to enhance lateral root development and represents the most essential auxin signaling constituent for lateral root initiation. To further validate the local effect of naxillin, we assessed the degradation of Aux/IAA proteins upon naxillin treatment in planta, which occurs rapidly in the entire root in the presence of auxin 32 . For that purpose, a heat shockinducible AXR3 fused to an N-terminal GUS (pHS<AXR3-NT-GUS) transgenic line was used, in which a fast decrease of GUS activity is observed in the presence of auxin as a result of the degradation of AXR3 (also known as IAA17) (ref. 32). Absence of pHS<AXR3-NT-GUS activity was observed in the entire root upon auxin treatment. Upon naxillin treatment, however, GUS staining disappeared preferentially from the basal meristem and persisted in the very root tip and more mature tissue (Supplementary Fig. 8 ). Together with the transcriptome analysis, these data demonstrated that naxillin induces a specific subset of auxin responses in the basal meristem, the zone where lateral root founder cell identity is established. This mode of action might explain why, unlike auxin, naxillin shows limited interference with general root growth and development.
Naxillin does not act like a typical auxin
Perception of auxin is mediated by the co-receptor complex between TIR1/AFB1-3 F-box proteins and Aux/IAA proteins. This receptor complex is stabilized by auxin 33 . As a result, Aux/IAA proteins are ubiquitinated and targeted for proteasome-dependent degradation. Because naxillin affected the stability of AXR3-NT-GUS (Supplementary Fig. 8) , we assessed the effect of naxillin on the recruitment of Aux/IAA proteins to TIR1 by pull-down assays. Unlike NAA, naxillin did not facilitate the interaction between TIR1-myc and Aux/IAA domain II peptides (Supplementary Fig. 9 ) 32, 34, 35 , indicating that the local auxin response induced by naxillin was not due to direct binding to the TIR1 auxin receptor. In addition, naxillin did not affect the NAA-dependent interaction of TIR1-myc and Aux/IAA domain II peptides (Supplementary Fig. 9 ), indicating that naxillin did not act as a competitive auxin antagonist. In contrast, naxillin, like auxin, failed to induce lateral root formation in the solitary root-1 gain-of-function Aux/IAA mutant 36 or the arf7 arf19 double loss-of-function mutant 37 (Fig. 3a,b) , suggesting that naxillin's function is dependent on the canonical IAA14 (also known as SOLITARY ROOT-1) and ARF7-ARF19 pathway and acts upstream of this auxin signaling pathway to induce lateral root development.
Naxillin activity required iBa-derived iaa
To gain further insight into naxillin's mode of action, we screened an ethyl methane sulfonate (EMS)-mutagenized population for mutants resistant to the lateral root-inducing effect of naxillin. One mutant showed complete resistance to naxillin-induced lateral root development (Fig. 4a) , which we have termed naxillin resistant 1 (nar1). Positional cloning located the mutation in a 300-kb interval on chromosome 3 between markers F24P17 and F17A9, a region containing 88 genes (Supplementary Fig. 10 ). Sequence analysis revealed a missense mutation in the IBR3 gene, which encodes a protein involved in the conversion of IBA to IAA 17 . The naxillin-resistant phenotype of the nar1 mutant could be restored by ectopic overexpression of IBR3 (ref. 17) (Fig. 4b and Supplementary Fig. 11 ), confirming that a defect in IBR3 function caused the naxillin-resistant phenotype in the nar1 mutant. Consistent with a defect in IBR3, nar1 roots were resistant to IBA (Fig. 4a) and did not show the typical DR5 expression pattern in the basal meristem, which was present upon naxillin and IBA treatment in wild-type seedlings but not in the ibr3 mutant background (Supplementary Fig. 12 ). These data indicate that the transcriptional auxin response in the basal meristem induced by naxillin and IBA is crucial to enhance lateral root development and suggest that this response requires IBA-to-IAA conversion. Previously, ibr3 was identified in a screen for IBA-resistant root elongation and was implicated in the peroxisomal β-oxidation pathway in which IBA is converted to IAA 16, 17 . IBR3 was suggested to act as an acyl-CoA oxidase in the IBA-to-IAA conversion pathway 17 . In addition to IBR3, other genes involved in IBA-to-IAA conversion (IBR1, IBR10, ECH2 and PED1) have been identified 11, 16, 38 . Moreover, genes involved in cellular (PEN3, also known as PDR8) and peroxisomal (PXA1) IBA transport and in import of peroxisomal matrix proteins in the peroxisomes (PEX5) can affect IBA response 10, 12, 13 . PXA1 is required for IBA uptake into the peroxisomes before IBA is converted to IAA 12 . Mutations in PXA1 conferred resistance to naxillin (Fig. 4c) , suggesting that naxillin activity required IBA uptake into the peroxisomes. Disruption of peroxisomal protein import in the pex5-10 mutant (ref. 39) or reduction of IBA-to-IAA conversion in the ibr1-2 mutant 17 also led to naxillin resistance (Fig. 4c) , supporting the requirement of peroxisomal IBA-to-IAA conversion for naxillin activity. Conversely, the pen3-4 mutant showed sensitivity to naxillin at 10 μM (Fig. 4c) and hypersensitivity to both IBA 10 and naxillin at 3 μM (Supplementary Fig. 13 ), which is in accordance with the earlier reported IBA hyperaccumulation in the pen3-4 mutant 10 . Remarkably, although mutations in IBA conversion genes IBR1, IBR3 and PED1 caused resistance to both IBA and naxillin, mutations in IBR10 and ECH2 led to IBA but not naxillin resistance (Fig. 4c and Supplementary Fig. 14) . In accordance, the local DR5 expression pattern in the basal meristem was induced by naxillin in the ibr10 mutant background, whereas it was not induced by IBA (Supplementary Fig. 12 ). The naxillin sensitivity of the ibr10 and ech2 mutants suggests that naxillin might act at the level of IBR10 or ECH2, which have been suggested to be enoylCoA hydratases 11, 16 (Supplementary Fig. 14) . In Arabidopsis, two additional peroxisomal proteins, ABNORMAL INFLORESCENCE MERISTEM 1 (AIM1) and MULTIFUNCTIONAL PROTEIN 2 (MFP2), act in the process of β-oxidation of fatty acids and have enoyl-CoA hydratase activity 40, 41 . Analysis of aim1-1 (ref. 41 ) and mfp2-2 (ref. 42 ) mutants demonstrated that naxillin promoted lateral root development in the mfp2-2 mutant but not in the aim1-1 mutant (Fig. 4c) , suggesting that naxillin is dependent on AIM1 as an enoyl-CoA hydratase, rather than on IBR10 and ECH2, to convert IBA to IAA (Supplementary Fig. 14) . Taken together, mutant analyses suggested that naxillin requires the endogenous IBA conversion pathway and thus acts through IBA-derived IAA to promote the development of lateral roots. Indeed, this conclusion is in accordance with the highly similar lateral root phenotypes of IBA-and naxillin-treated plants ( Fig. 4b and Supplementary Fig. 12 ). 
iBa and naxillin act in root cap cells
In addition to IBA-to-IAA conversion, naxillin activity was also dependent on the IAA14 (also known as SOLITARY ROOT-1) and ARF7-ARF19 auxin signaling pathway (Fig. 3a,b) . NAA and IAA showed an overall effect on plant growth and development, whereas IBA and naxillin had a much more subtle effect on lateral root development (Fig. 4b and Supplementary Fig. 5 ). The latter phenotype implies a localized auxin effect of both IBA and naxillin, which could be attributed to tissue-specific IBA-to-IAA conversion, resulting in the production of IBA-derived IAA in root tissues predominantly involved in lateral root development. To assess whether IBA-to-IAA conversion might be more represented in specific zones or tissues of the root than elsewhere, we analyzed expression patterns of conversion genes. IBR1, IBR3, IBR10, AIM1 and MFP2 promoter expression domains all overlapped in the root tip of the primary root, more specifically in root cap cells (Fig. 5a and Supplementary Fig. 15 ), suggesting peroxisomal IBA-to-IAA conversion might show preference for the root cap.
The predominant expression of conversion genes in the root cap and the dependence of both naxillin and IBA on the conversion highlighted the root tip as essential for the lateral root-inducing activity of both compounds. To further test the hypothesis that IBA and naxillin have a localized effect at the root tip, we applied both compounds to seedlings whose root apical meristem was removed. IBA and naxillin did not enhance lateral root development in seedlings lacking a root apex (Fig. 5b) . In contrast, in seedlings with removed shoot and upper root parts, IBA strongly promoted lateral root development, whereas naxillin had only minor effects (Fig. 5b) . However, when naxillin-treated samples were also supplied with IBA at a concentration insufficient to increase lateral root number, naxillin significantly (P < 0.001) enhanced lateral root development. These experiments confirmed that IBA and naxillin act at the root tip and also suggest that naxillin requires IBA as an endogenous factor to enhance lateral root development.
To test whether naxillin increased the rate of IBA-to-IAA conversion, we monitored the rate at which [ (Fig. 5c) , indicating that naxillin indeed stimulated the formation of IAA from IBA. These measurements provided biochemical evidence for naxillin's stimulatory effect on the IBA-to-IAA conversion in the root tip and highlights the importance of root tip-derived IAA for lateral root initiation.
DiScuSSioN
Colonization of the soil by plants occurs through root branching, a developmental process that is predominantly controlled by the plant hormone auxin. Auxin and auxin-like molecules have been extensively used to study root branching at the molecular level. Auxin treatments, however, affect the entire plant in various ways depending on the organ, tissue or cell type. One of the most obvious auxin effects is the abrupt arrest of root elongation, which compromises the study of lateral root formation because of its dependence on intact primary root growth. As shown by the absence of a strong deceleration of primary root growth in combination with the massive induction of lateral roots resulting from naxillin treatment, naxillin was clearly more selective toward lateral root development than auxins. This observation was further corroborated by naxillin's smaller effect on the transcriptome compared to that of auxin, its restricted site of action and its specificity to induce the GATA23 transcription factor, which was previously described to be a key component of the lateral root founder cell specification process 20 . Notably, the overall transcriptional changes caused by naxillin treatment were less pronounced compared to those of auxin treatment. As all tissue types of the root were sampled and naxillin has tissue-specific action, the weaker effect of naxillin is most likely due to dilution with the nonresponsive tissues, which is not the case for auxin. To induce lateral root formation, naxillin clearly worked upstream of the canonical auxin signaling pathway and was dependent on a functional IBA-to-IAA conversion pathway. All of the naxillin-resistant mutants seemed also to be resistant to the lateral root-inducing effect of IBA. Previous studies have suggested a role for this endogenous auxin precursor in lateral root initiation because a block in the conversion of IBA to IAA resulted in plants with fewer lateral roots 17 . Remarkably, mutations in either IBR10 or ECH2, which may catalyze the hydration step of enoyl-CoA during IBAto-IAA conversion 11 , led to IBA resistance but retained sensitivity to naxillin, suggesting that naxillin is able to complement a defective IBR10-or ECH2-dependent hydratase activity. One explanation for this result could be that naxillin lowered the substrate specificity of other enzymes with hydratase activity, thereby 'recruiting' other hydratases to promote the IBA-to-IAA conversion. In addition to IBR10 and ECH2, two multifunctional peroxisomal proteins with both enoyl-CoA hydratase and hydroxyacyl-CoA dehydrogenase activity, AIM1 and MFP2 (ref. 40) , have been identified in Arabidopsis. A full IBA response requires IBR10, ECH2 and AIM1 (refs. 11,13) , whereas naxillin depends on activity of AIM1 but not ECH2 and IBR10, suggesting that naxillin acts at the enoyl-CoA hydratase step and might indeed recruit enoyl-CoA hydratases such as AIM1, but not ECH2 and IBR10, to enhance the conversion of endogenous IBA to IAA. Notably, chromeceptin, a small molecule that shares the trifluoronated methylphenyl substructure with naxillin, interacts with a mammalian multifunctional protein (MFP2) implicated in peroxisomal β-oxidation 43 . Cells with silenced MFP2 expression showed reduced sensitivity to chromeceptin 43 , similar to aim1-1 mutants being unresponsive to naxillin. It is therefore tempting to speculate that naxillin might interact with multifunctional peroxisomal proteins such as AIM1 in Arabidopsis. Taken together, these observations suggest that naxillin acts as a regulator of IBAto-IAA conversion at the level of enoyl-CoA hydration and leads to more efficient usage of the endogenous IBA pool to promote lateral root development via IBA-derived IAA.
The fact that IBA application did not enhance the development of lateral roots in IBA-to-IAA conversion mutants indicates that IBA does not act directly on lateral root development but requires conversion to IAA to exert its effect. Thus, the action of both IBA and naxillin eventually channels through the canonical auxin signaling pathway. This observation raises the question of how application of IBA or naxillin can be more selective toward lateral root development. Expression analysis of several genes involved in the peroxisomal β-oxidation of IBA to IAA demonstrated that these expression patterns overlap in the root cap, suggesting that this organ is an important site of IBA-to-IAA conversion. As naxillin acts in the IBAto-IAA conversion pathway, its root-inducing effect might therefore rely on the supply of endogenous IBA to the root cap.
Recently, PEN3 has been suggested to be an IBA efflux protein 10 that is localized on outward membranes of the epidermis and root cap cells. Remarkably, the pen3 mutant is more sensitive to naxillin, suggesting that reduced efflux, and thus increased endogenous IBA, allows more naxillin-dependent IBA-to-IAA conversion to occur. In this model, once IBA is converted to IAA, the IBA-derived IAA can enter the endogenous flow of auxin and be directed toward the basal meristem to elicit a local auxin response leading to root branching (Fig. 5d) . It is tempting to speculate that such a mechanism, by which plants can make use of an extra source of auxin in the form of a precursor that is locally released as IAA in the root cap, could contribute to the adaptability of plants to respond to ever-changing soil conditions. This mechanism would allow the plant to modify plant root architecture by affecting root branching, with a minimal effect on other processes such as primary root elongation. By promoting the root cap conversion of the endogenous auxin precursor IBA into free IAA, naxillin is to our knowledge the first synthetic molecule that acts on rooting by specifically affecting auxin homeostasis. Given the reduced side effects typical of auxin treatment, naxillin represents a valuable tool to further decipher the molecular networks involved in lateral root branching.
meTHoDS
Compound screening and growth conditions. A commercial 10,000-compound library (DIVERSet, ChemBridge Corporation) was screened for induction of pCYCB1;1<GUS expression in xylem pole pericycle cells. About three seeds of this marker line in Arabidopsis (L.) Heynh. Col-0 background were sown in 96-well filter plates (Multiscreen HTS MSBVS1210; Millipore) in liquid medium derived from standard Murashige and Skoog (Duchefa) medium and supplemented with 10 μM of the auxin transport inhibitor naphthylphthalamic acid (NPA, Duchefa), resulting in a primary root devoid of lateral roots and allowing synchronization of lateral root development. Subsequently, seeds were incubated in a growth chamber under continuous light (110 μE m −2 s −1 photosynthetically active radiation, supplied by cool-white fluorescent tungsten tubes; Osram) at 22 °C. Three days after germination, the liquid NPA medium was removed and replaced with fresh liquid medium. Compounds were added to the 96-well plates to a final concentration of 50 μM for 24 h. Plants incubated in 2% (v/v) DMSO (Sigma) or 10 μM NAA (Sigma) were used as negative and positive control, respectively. Next, all plants were incubated in GUS buffer as described 28 and analyzed for GUS staining in xylem pole pericycle cells. Only compounds that showed similar staining profiles in all seedlings were considered. For all subsequent phenotypic analyses, plants were grown on square plates (Greiner Labortechnik) with solid medium derived from standard MS medium under the same conditions supplemented with compounds dissolved in DMSO as described previously 44 .
Naxillin, derivatives and other compounds. Dose-response analysis. Five-day-old plants germinated on solid medium were transferred to solid medium plates supplemented with several concentrations of the indicated compounds and grown for five additional days, and emerged lateral roots were counted.
Pull-down experiments. Aux/IAA domain II peptides were purchased from Thermo Electron, and pull-down experiments were done as described previously IAA was determined using the unlabeled IAA standard (Sigma) and is corrected for in the data presented.
EMS screening and positional cloning. About 30,000 seedlings from 21 EMSmutagenized pools were germinated on standard MS medium. To exclude effects on germination, these plants were subsequently transferred to 25 μM naxillin 3 d after germination. Plants resistant to the lateral root-inducing effect of naxillin were selected after 5 more days. Before positional cloning, mutants were backcrossed to Col-0 plants and selected again for the resistant phenotype. For PCRbased positional cloning using simple sequence length polymorphism markers, the mutant was crossed with Ler plants and subsequently selfed. Forty-five resistant F2 seedlings were used to map the mutation to chromosome 3 between BAC NGA172 (0.7 Mb) and F17A9 (2.4 Mb). Ninety more F2 seedlings were used to fine map the mutation to a 300-kb interval between F24P17 (1.94 Mb) and F17A9 (2.24 Mb) containing 88 genes. A candidate gene approach and sequencing were used to identify a new point mutation at the start of exon 16 of the IBR3 gene, resulting in an arginine-to-tryptophan substitution. Primers used for mapping and sequencing are listed in Supplementary Table 2 .
Cloning and construction of expression vectors. Donor vectors were created by cloning 2-kb promoter sequences for IBR1 and IBR10 into pDONR221. Expression clones were constructed by cloning the required fragments into pK7GWFS7 (ref. 47, 48) . We cloned 2-kb promoter sequences for IBR3, AIM1 and MFP2 using ligation-independent cloning as described into the pGIIB-LIC-n3GFP-NOSt vector 49 . Primers used are listed in Supplementary Table 2 .
Histochemical and histological analysis and microscopy. The GUS assays were performed as described previously 20 . For microscopic analysis, samples were cleared by mounting in 90% (v/v) lactic acid (Acros Organics). All samples were analyzed by differential interference contrast microscopy (BX51, Olympus). For anatomical sections, GUS-stained samples were fixed overnight and embedded as described previously 20 . Fluorescence imaging of roots was performed with an Axiovert 100M confocal laser scanning microscope with software package LSM 510 version 3.2 (Zeiss). For excitation of GFP, the 488-nm line of an argon laser was used. 
